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SDMMABT 

An iavestlgatlon vae made on a supercharQed CFR engine to 
detezmlne a Detliod for -eBtlmatlng lead Erusceptl'bllltles of pure or 
"blended parafflnlc fuels. CanceB-tratlone of tetraetliyl lead izp to. 
6 ml per gallon wore investigated • In order to further extend the 
dataf tbe effects of variations of Inlet -air teniperature « spark 
adTancei and fuel -air ratio on lead suBceptll)lllt7 vere examined. 

As a result of these studies a chart consisting of a series of 
straight lines passing through the origin vas developed to represent 
the lead eusceptlhllltles- of pure and hlended parafflnlc fuel's In 
terms of Imock-llmlted Indicated mean, effective pressures and octane 
numhers . 

IHTRODDCniON 

The study of clear and' leaded hydrpcarhon-fuel ratings (refer- 
ence 1) Indicated that the lead susceptlhlllty of - paraffins and ■ 
cycloparaffins could he represented hy straight lines passing through 
the origin hy plotting the knoclc-llmited indlbated mean effective 
pressures (supercharged conditions) of the pure hydrocelrbons against 
the knockrllmlted indicated myean effective pressures of the l9aded 
hydrocarboDLB at oanstant fuel*air ratio and concentration of tetra- 
ethyl lead. This relation means that, at one set of englse operating 
conditions, the percentage increase in knock-limited indicated mean 
effective pressure for a given tetraethyl-lead eiddltion is a constant 
for all paraffins and all cycloparaffins although the respective con- 
stants for the two classifications are different. 

At the time of the analysis in reference 1, data irere not avail- 
able to test the validity of this linear relation under supercharged 
condltiona fgr concentrationB of tetraethyl lead other than 1.0 ml 
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' "per gallon or fuel -air ratios other than 0.07. On the asstimitlon 
that the linoar relation vas valid for all conoentrutlona of tetra- 
othjrl le^, the suggestion was nide In reference 1 "liat a chart could 
he prepared frcm data on one- parafflnlc fuel lAilch %T>uld pemlt the 
estimation of lead susceptibilities of any other purtifflnlc fuel or 
hlends of parafflnlc fuels frcm the knock-limited porfomBnce of the 
unleaded fuel. 

The ohject of the present lAvestlgatlon Is to prepare such a 
lead-susceptlhlllty chart for pea^fflnlc fuels as ra^resented hy 
"blends of S and M reference fuels and to show how til^ chart Is 
affected hy variations of Inlet-alr temperature, spirlc advance, and 
fuel-air ratio. 

The preparation of the Icad-susoeptlhlllty chaai. discussed In 
this analysis Is essentially a method of averaging daba. For this 
reason, oocaBlonal dlffsroncos between the lead-susce.otl'blllty chart 
and the experimental daca will "be found. 

The lavestlgatlon was maci9- at the Aircraft Engine A. "search 
Laboratory of the HACA, Cleveland, Ohio, between July an"" October 
1943 and is part of an investigation of lead susoeptlbllit , the 
first part of vhlth was reported In reference 1. 

APPABATUS AUD TEST FBOCEDUBE! 

All tests were made In a supercharged CFB engine modified as 
described In ref erezice 2 . 

Knock-limited perfozmance ' data necessary for the lead- 
fiUBoeptiblllty chart were obtained by testing blends of S-2 and 
M-3 reference fuels. ' These blends. were tested clear and with 1, 2, 
4, 6, and 8'flil tetamethyl ' lead per gaUon at the following engine 
CQndltlons: 

■ ■ ' 

Engin e speed, rpm. 2000 

Ccmpressinn ratio '. 7.0 

Spark .edvance, degB;T.C. ^ . . i . , . . 35 

Inlet-alr tenjperature , °F . .■ . .■. 250 

Inlet-xjoolant temperature, 9P . ■ . , 250 

These tests eachausted the supply of S-2 reference fuel, and the rest 
of the tisst program was ocmpletsd on S-3 reference fuel. 

■ At inlet-alr tempetatures of 150°, 200°, 250°, and 325<5 P, S-3 
reference fuel was tested clear and with 2, 4, and 8 ml tetraethyl 
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lead per gallon* Tests -ware also laade of S-3 refersnce fuel clear 
and vlth 2 ml tetraetbyl lead per gallon at spaxk advaDces of 20 
«Tyt 35° B-;T .C . During the test of any one of the ccDdltloiiB all 
other ftTig<'nn coDdltlogos were the sane as those used In the preoeding 
tests on hlends of 8-2 and M-S reference fuels. 

For each test the knook-llnlted Indicated mean effective pres- 
sures ware ohtalnad over a range of fuel-air ratios from 0.07 to 
0.12. 

Xhe precisian of the engine data is indicated tj the curves for 
8 reference fuels in figure 1 . ' The data are frqm tests jnade at the 
"beginning and the end of the program as veil as frcm Intexmsdiate 
runs, m the present analysis fuel-air ratios in excess of 0.10 are 
not treated. ThS precision vith fuels containing high concentrations 
of tetraethyl lead vas not so satisfactory as the precision eOiovn in 
figure 1. . 

Afterflring and spark-plug fouling vere encountered in the tests 
of fuel 'blends coatalzilng 6 and 8 ml tetraethyl lead per gallon. 
These difficulties vere partly eliminated by the use of nev spark 
plugs for eeu!h test. 



TEST BBSULTS 

The experimental results recorded at AEHL on i^ch this analysis 
is hased are presented In figures 2, Z, and 4. The average reference - 
fuel curves (fig. 5) supplied by the Coordinating Besearch Council 
for the F-4 rating method and data of the same general type (presented 
later) ohtalned hy and published vith the pennlssion of the l^thyl Cor- 
poration are included in the analysis. 



TXISCUBSIOIt 

DeveloTnent of lead-suBceutlTaillty chart. - Heron and Beatty 
(reference 3} have shovn thatj for supercharged tests ^ a linear iTela- 
tion exists hetveen the reciprocal bf the knock-limited Indicated 
mean effective pressures and the octane numbers. This relation is 
used In figure 6 to relate the Indicated mean effective pressure , the 
percentage of 8-2 reference fuel in M-3 reference fuel^ and the con- 
centxation' of. tetametbyl lead for Hba data presented in. figure 2. The 
points shown are cross -plotted tran. thefkired curves in figure 2. 

The lines of constant tetreiethyl-lead concentration In figure 6 
can he represented by ' the eq,uatlon pf an eg,uilateral hyperhola: 
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P.(A - H) i=B (1) 
Where . ■■ i' ■. . .• ? 

P lExioc]E~lj]nlted Indicated neazi effectlTe press-ore 
A obnetant 

n Yolume percentage of 8-2 In M- 3 
B .slope- 

The aaynptotea of the ■ ta^erboXa represented "by equation (1) are zero ' 
and A. For the daita in figure 6^ the constant A Is Independent of 
tetrsiethsrl-lead -concentratloix and fuel -air ratio and Is equal to 145 ' 
(the Intersection of the curves with the zero ordinate) . 

In figure 7 the lead susceptlhillty of porafflnlc fuels as 
represented. h^ hlends of 8-2 and M-:3 reference fuels Is shovn as 
a plot of the Knock-limited, Indlcatod mean effective pressure of ' 
the clear fuel against the knock-limited Indicated mean effective 
pressure of the leaded fiiel. This figure Is a cross plot of the 
faired linos in figure 6. This tj-pe of plot has an advantage over 
that in figure 6 "because the lead suscei^tihillty can he represented 
1>7 a linear relation without the use of 'a reciprocal scale . The fact 
that figure 7 consists of a series of stz^£iht lines vhlch pass through 
the origin shows that j for a given addition of tetraethTl leadj the 
percontagr increase In-pover.ls constant for hlends'of S-2 and M-3 ref- 
oronco fuols rogairdless of the rating of the clear hlends. 

The octane scale shovn in figure 7 vas'detennliied hy assuming 
a linear relation hetveen the percentage S-2 In M-3 and the octane 
number. This scale corresponds to the ordinate values of knock- 
limited indicated mean effective pressure; that Isj a 90-octaae fuel 
idiother clear or leaded (fig. 7'(a)) has a knock-limited indicated 
mean effective pressure of 85 pounds per square Inch under the con- 
ditions presented. ' ■ ' 

The results presented in figures 6 and 7 shov that a lead- 
susceptihillty chart consisting of a aeries of straight lines passing 
through the. origin can he prepared for paraff inlc fuels . Fran- the 
data presented In reference 1, it is prohahle that a single chart 
vlll represent all .paraff inlc fuels at one set of engine conditions 
and can he constructed frcm data of knock-limited indicated mean 
effective pressure for one pai-afflnic fuel tested with and without 
totrcothyl load. If .auch la the' oblbo, only tho unlocked fuol ncod 
ho toatod In ordor to estimate tho load response of any pozviffln. 
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Tbe chart nay te used to ottaln either the ksQck-llnlted lodlcated- 
mean effective pressure or the octane nuniber of the parafflslc fuel 
. ..with.. 7arljQ9ia.:g.i]entltl9B of. tetraethyi; lead.'. . . 

The estimation of lead sxtsoeptlhlllty according to the fore- 
going procedure is of value in the study of parafflnlo fuels In vhloh 
the quantity of fuel avallahle for testing is limited. In such-casps 
the- iTatlng of the ' clear fuel could he ohtalned hy a standard rating 
mothod such as the 7-4 rating method , and the rating of the test 
fuel plus various amounts of tetraetbyl lead could he estimated froBL 
tbe lead-suaceptlhUlty chart for the rating method used. 

The average reference -fuel curves lued hy the Cooz^inatlng 
Besearch Council for the Tt4 rating method can he used to construct 
a lead-susceptlhlllty chart representative of the F-4 cazidltlons. 
Such a chart is shoim in figure 8^ -which vas ohtalned hy cross- 
plotting the data from figure 5. The values helov 90 octane maaber 
on the ztiting scale in figure 6 were estimated. Uoasmuch as data 
for the lead susceptlhlllty of S reference fuel (fig. 5(a)) wore 
the only data available for the r-4 rating method, figure 8 repre- 
sents a xuther vide extrapolation of data and should he considered 
only as an iUustratlve chart. 

The specific values shown in figures 7 and 8 agree reasonably 
veil for concentrations of 2 ml tetraethyl lead per gnllon hut are 
not the same for 4 and 6 ml tetraethyl lead per gallon. The differ- 
ences result frcm either lack of precision at the higher concentra- 
tions of tetraetbyl lead or differences in engines and engine con- 
ditions . 

Effect of fuel-air ratio on lead suBce-ptlhility . - Figures 6, 
7, and 8 show that the lead susceptihilitles of pareiffinlc fuels 
Bxe affected hy fixsl-air ratio . This effect can readily he seen 
in figures 9 and 10, vhlch piresenb curves calculated frcm the data 
In figures 7 and 8, reB]$ectlvely . 

In figure 9 the percentage Increase In power llead. Bv^oe^H* 
hlllty) caused hy a given addition of tetraethyl lead' is approxi- 
mately the same at fuel-air ratios of 0,07 and 0.085. The data in 
figure 10 for the 7-4 rating method- show conslderahly greater speed. 

Bffect of bnlet-alr temperature on lead susce-ptlhility. - The 
lead susceptlhlllty from tests at different Inlet-edr temperatures 
(fig. 3)- are represented- In -figure 11 hy aplot- of knock-limited 
Indicated mean effective pressure of the clear fuel against the 
knock-limited Indicated mean effective pressure of the leaded fuel • 
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Figure 11 dx}QB not agree vltb figure- 7 fox* tetraathTl-lead conceii- 
tratlons of 4 and 8 nl per gallon. -Xhls difference can possibly 1)a 
attrlliuted to the previously mentioned difflciLLtles encountered In 
tests of "blends containing high qoncentratlons of tetraethyl lead 
or to changes cauQQd,i1?y - the englpe OYerheiulj .idilch did not shov up 
In the checlc runs on. unl^adpd -5-3 -reference- fuel. These data 
(fig. 11) 8h9v tha,t/ j^or^-the range of Inletralr temperatures examined, 
the lead susceptlhl^lty of .S-3 reference fuel -was constant; -that Is, 
-the percentage Increase oi Tmock-llmlted Indicated mean effectlye 
pressure caused hy -the .-addition, of ^ giLven axfiount of tetz^-thyl lead, 
was -the samr regardless of -the inlet-air temperature. 

Effect of fl-park advance and enpdne speed on lead Buac&T)tl"bl- 
11 ty. - The tests made on-S-3 -reference fuel clear and with 2 ml te-tra 
e-thvl lead per gallon' at- spark advances of 20° and 35° B.T.C are 
presented In figure. 12 (cross -plot ted frcp fig. 4). These da-ta 
Indicate -that -the le^ susceptl1>lllty of ST3.,reference fuel Is 
Independent of varla-tlons of .spark advance. 

Da-ta ohtalned hy -the Ethyl Corporation on an engine of 
'17 .6-cublc-lnch displacement (fig. 13) also indicate that lead sus- 
ceptlhlllty Is not affected hy spark advance or engine apeed. 

CORCLUSIONS 

The following conclusions - are drawn frcob tests oil amall-'scale 
engines to Investigate -the load susceptlhlllty of parafflnlc fuels 
and are helleved to "be Indicative of the results -that mlgbt he 
ohtalned on t>ther. engines} 

1. A chart consisting of .a series of straight llus a passing 
through -thoTorlgJa can- "be piiQpared to-.rapreaent. -the lead susceptl- 
hllltlos of pure or hlended parafflnlc fuels' In -bs:^ of knock- 
llnlted Indicated mean effective pressures and oc-tane numbers. 

2 . From- tmob. a chart prepared from one parafflnlc fuel the 
lead suBceptlhlllty of any pure .or "blended paraffliilc.fuel' can "be 
estiinated provided -that the knock-limited Indicated mean effective 
pressure or octane number of the clear fuel la knovn. 

3. The relations shown In the chart' fcire not affected hy vari- 
ations of Inlet-alr temperature or spark, advance .hut are cheziged hy 
variations of fuel-air ratio and, changes In engjLne design. 



Aircraft Engine Research Laboratory, 
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Figure 1. - Check tests on S reference fuels. CFR engine; Inlet- 
alr temperature, 250° F; spark advance, 33° B.T.C.; compression 
ratio, 7.0; engine speed, 2000 rpm; inlet-ooolant temperature, 
2500 F. 
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(a) Unleaded blends. 

Figure 2, - Knock-limited performance of blends of S-2 and H-J refer- 
ence fuels with different tetraethyl-lead concentrations. CPR engine; 
inlet-air temperature, E50° F; spark advance, 35° B.T.C.; compression 
ratio, 7.O; engine speed, 2000 rpm; inlet-coolant temperature, 250° F. 
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Puel-alr ratio 
(b) 1 ml tetraethyl lead per gallon In blends. 
Figure 2. - Continued. 
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.09 .10 
Puel-alr ratio 
(c) 2 ml tetraethyl lead per gallon In blends. 
Figure 2. - Continued. 
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Figure 2. - Continued. 
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(e) 6 nl tetraetnyl lead per gallon in blends. 
Figure 2. - Continued. 
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Fuel-air ratio 
(f ) 8 ml tetrmethyl lead per gallon In blends. 
Figure 2. > Concluded. 
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(a) Inlet-air temperature, 150" F. 

Figure 3. - Effect of Inlet-alr temperature on the lead suseeptlblllty of 5-3 
reference fuel. CFR engine; spark advance, 35° B.T.C.: eomiiresslon ratio, 7.0; 
engine speed, 2000 rpn; Inlet-cooXant temperature, 250" F. 
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(b) InleTJ-alr temperature, 200° F. 
rigui-0 3. - Continued. 
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Figure 3. - Continued. 
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(a) Spark advance, 20 B.T.C. 

Figure 4. - Effect of spark advance on the lead susceptibility of 
S-3 reference fuel. CFR engine; Inlet-alr temperature, 250° F; 
compression ratio, 7,0; engine speed, 2000 rpm; inlet-coolant 
temperature, 250° P, 
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Figure 6. - Lead susceptibility of blends of S-8 and M-3 reference fjjels at 

different fuel-air ratios. CFR engine; Inlet-alr temperature, 250 F; 

spark advance, 35° B.T.C.; comDresslon ratio, 7.0; engine speed, 2000 rpn; 

Inlet-coolant temperature, 250" F. 
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(b) Fuel-air ratio, 0.085. 
Figure 6. - Continued, 
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(c) Fuel-air ratio, 0.10, 
Figure 6 . - Concluded. 
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figure 7. - Lead-suseeptlblllty charts for parafflnlc fuels at different fuel- 
alr ratios, CFR engine; Inlet-alr temperattire, 250" F; spark advance, 
75*" B.T.C. ; compression ratio, 7.0; engine speed, 2000 rpm; Inlet-coolant 
temperature, 250° f. 
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Knock-limited Imep clear fuel, Ib/sq In. 
(b) Fuel-air ratio, 0*085. 
Figure 7. - Continued. 
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(c) Fuel-air ratio, 0.10. 
Figure 7. - Concluded. 
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Figure 8. - Lead-susceptlblllty charts for F-4 rating method at different fuel- 
air ratios. 
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Knoek-llinlted Imep clear fuel, Ib/sq In. 
(b) Fuel-air ratio, 0.085. 
Figure g. - Continued. 
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Figure S. - Conc^iided. 
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Figure 9. - Variation of power Increase vlth. tetraethyl-lead 
concentration for parafflnlc fuels. CFR engine; Inlet-alr tem- 
perature, 250° F; spark advance, 35° B.T.C.; compression ratio, 
7.0; engine speed, 2000 rpm; inlet-coolant temperature, 250** F. 
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Figure 10. - Variation of power Increase with tetraethyl-lead con- 
centration for S reference fuel as determined by the T-h rating 
method. 
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Knock-limited Imep clear fuel, Ib/sq in. 



(a) Fuel-air ratio, 0,0?. 

Figure 11, - Etffect of inlet-air temperature on the lead suscep- 
tibility of S-3 reference fuel at different fuel-air ratios, 
CFR engine; spark advance, 35° B.T.C; compression ratio, 7.0; 
engine speed, 2000 rpm; inlet- coolant temperature, 250° P, 
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Knock-limited Imep clear fuel, Ib/sq In. 
(b) Fuel-alr ratio, O.OgJ. 
Figure 11. - Continued, 
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Xnock-llmlted Imep clear fuel, Ib/sq In. 
(e) Fual-alr ratio, 0.10. 
Figure 11. - ConducLed. 
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(a) Fuel-air ratio, 0.07. 

Figure 12. - Effect of spark advance on the lead susceptibility 
of S-3 reference fuel at different fuel-air ratios, CFR engine 
inlet-air temperature, 250° F; compression ratio, 7.0; engine 
speed, 2000 rpm; inlet-coolant temperature, 230® F. 
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Figure 12. - Continued 
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Knock-limited Imep clear fuel, Ib/sq in. 
(c) Fuel-air ratio, 0.10. 
Figure 12. - Concluded. 
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Knock-limited imep clear fuel, Ib/sq in. 
Figure 13. - Effect of engine speed and spark advance on the lead 
susceptibility of S-1 reference fuel. I7.6 engine; inlet-air tem- 
perature, 225° F; compression ratio, 5.6; inlet-coolant temperature, 
300" F; fuel-air ratio, approximately O.07. (Courtesy of the 
Ethyl Corporation.) 
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